INTRODUCTION
The use of deuterium oxide (D20) for the measurement of total body water is based on the principle of isotopic dilution (1). Hevesy and Hofer (2) were the first to report that the volume available for distribution of injected D20 in the human approximates closely the total body water, and in addition, D20 provides a practical means for studying water metabolism. Their findings have been confirmed by numerous investigators who have found that total body water as measured with D20 agrees well with estimates based on desiccation, specific gravity, antipyrine and tritium oxide dilution in rats, rabbits, guinea pigs, and humans (2-11). The primary inherent source of error in this method lies in the exchange of deuterium atoms with labile hydrogen atoms of organic molecules (12) (13) (14) . Since exchange occurs rapidly (13, 14) and represents only a small loss of deuterium from the water stores (3, 13, 14, 15) , it does not affect the general validity of the method.
The technique involves a very large dilution of the isotopic compound, so that the precise accuracy with which the D20 is measured becomes the key factor in obtaining quantitative estimates of total body water. In order to obtain a high order of accuracy we have used the mass spectrometer in the measurement of deuterium concentration in body fluids. In The inherent error in the method, i.e., the loss of deuterium by exchange, has been estimated as having a water equivalent of 0.5% to 2.0%o of the body weight and is probably close to 1.0% to 1.5% (3, 13, 14, 15) . Thus, for the average adult, results calculated by the D20 method are too high by an estimated 700-1,000 ml. of body water. This figure sets a limit on the accuracy which can be achieved in total body water studies. Consequently, accuracy of the method within 1 liter of the approximately 45 liter total is considered acceptable. For a 70 kg. adult injected with 80 to 100 gm. of 99.9%o D20, the equilibrium concentration will be close to 0.200 volume % D2O. In order to satisfy the criterion of accuracy, the acceptable error is limited to s 0.004 volume %o D20 (at this concentration, volume %b D is equivalent to atom %o D).
CONVERSION OF SAMPLE TO HYDROGEN GAS
The hydrogen converter, which serves to prepare gas samples for the spectrometer, is a gas train modeled after a converter designed by Rittenberg and Graff (15a) . Essentially the train consists of an oxidizing furnace, a reduction furnace, and a Toeppler pump. The reduction furnace contains a pyrex tube filled with zinc granules; it is operated at about 390°C. A single charge of zinc is usually sufficient to last for the preparation of 150 samples. As the charge becomes exhausted, the temperature of the furnace is gradually raised until a small fraction of the zinc is melted. When necessary oxygen gas is used to oxidize the sample and serves also to sweep it along the train.
Approximately 0.03 ml. of water, plasma, or urine is pipetted quickly into a small platinum boat and inserted into the Vycor tube some distance from the oxidizing furnace. The evolution of the vapor from the water samples is speeded by Figure 1 , is a 60-degree sector instrument of the type described by Nier (16) . The accelerating tube was built in the shops of the University of Minnesota, and the electronic and accessory apparatus constructed according to drawings supplied by Nier. In order to obtain a better vacuum in the accelerating tube, a two-stage metal mercury pump was used to replace the glass mercury pump specified. Although the vacuum was satisfactory, a most disturbing anomalous effect was observed in early experiments when hydrogen samples were introduced into the system. The pressure, as measured on an ionization gauge, varied erratically. This effect which has also been observed by others (17) (18) (19) (20) , was due to back diffusion of the gas through the jets of the mercury pump. To correct it, redesigned jets were installed in the pump, the fore-vacuum system was brought to the lowest possible vacuum, and the heater on the mercury pump was run at a temperature higher than normal.
The spectrometer has two collecting slits and amplifiers for the simultaneous measurement of two isotopes of heavier elements. Unfortunately, the double collection system cannot be used for hydrogen due to the large separation between the mass 2 and mass 3 peaks. As a result, it has proved necessary to impose stringent requirements on the various regulating systems. The voltage regulators for the amplifiers and for the high voltage supply have been redesigned. The emission regulator has been replaced with one utilizing an additional stage of amplification.
The hydrogen and deuterium ions are formed in the ion-source by bombardment of the gas with a beam of electrons of 75 volts energy. As initially designed, a permanent magnet is used to focus the electrons along a path perpendicular to the direction of ion beam acceleration. As pointed out by Jordan and Coggeshall (21) One advantage in work with hydrogen is that in the low mass region there are very few possible contaminants, and one need not worry about background peaks in this region arising from contamination inside the tube. In practice, this means that the tube needs to be outgassed only at infrequent intervals. Further, since the separation between peaks is very great, the beam may be collected on the wider of the two collecting plates. Since the plate is much broader than the peak, it is possible to tolerate some small shifts in position of the ion beam on the collector. This operates to reduce slightly the requirements for stability of the ion accelerating potential and the magnetic field.
SOURCES OF ERROR a) In preparing the samples
The errors in preparing gas samples are threefold: contamination, memory, and fractionation.
Contamination may arise from exposure of the sample to air, which will result in exchange between the sample and water vapor (13, 22) . Therefore, in handling samples, care must be taken to limit this exposure. Samples are sealed in ampoules immediately after being drawn and are kept in a frozen sate. The calibration standards are kept airtight by storing in a syringe with the needle tip corked and the barrel sealed with an Apiezon vacuum grease film. A thermocouple gauge is used to measure the air pressure in the converter; it serves to warn of possible air leaks. Another source of contamination is from dissolved volatile substances in blood and urine, such as ketone bodies, alcohol, lipids and ammonia compounds. To guard against combustion of these substances to water, the oxidizing furnace is not used when converting serum and urine.
The memory effect is due to exchange in the converter while the sample is in the water phase, particularly with water films on the glass walls (22) . The data in Table I show the magnitude of this effect which is a function of the difference in concentrations in the two successive samples. At low concentrations, discarding the first two bulbs converted will largely eliminate this source of error. We convert to obtain five gas bulbs per sample, discard the first two, run the last three and take the mean atom %o as the determined value of the sample. Our converter is not used on samples with deuterium content greater than 0.799%.
The third source of error is fractionation. This phenomenon is dependent on the vapor pressure and diffusion rate differences (22) of D20, HDO, and H20. Thus, in collecting fractions of samples converted, we found, as shown in Table II Another error might arise from the relative specific ionization of hydrogen and deuterium. Honig (23) has shown that the total ionization cross sections for H2+, D24 and probably HD+ are the same within 4%. Nevertheless, a small number of monatomic H+ ions will be produced by electron impact on H2, and thus the intensity of the mass 2 beam will be depressed. Likewise, D+ and H+ ions lost from the HD+ fraction will cause a decrease of mass 3, and the D+ ions will contribute to an increase in mass 2. Bauer evaluated by calibration against measured deuterium dilutions, as we have done. For biological measurements, in which relative rather than absolute values of this ratio are required, it is sufficient to calibrate the system over the limited range of dilutions and ion beam currents which will be met in practice.
In view of the large percentage difference in molecular weight between mass 2 and mass 3, it is important to compensate for any fractionation of the gases entering the spectrometer. Honig (23, 27) has shown that fractionation occurs in the source, the region of the spectrometer in which the gas is ionized. Therefore, it is necessary to multiply the observed mass 3/mass 2 ratio by a pumping speed correction of V3/2 = 1.225 to compensate for the greater rate at which mass 2 is removed from the source.
Fractionation may also occur between the gas reservoir and the source in the spectrometer. To avoid this, Nier (16) has designed a long capillary gas inlet system constricted at the end near the spectrometer. In such a system the viscous gas flow (flow independent of molecular weight) through the capillary overcomes any tendency for fractionation at this constriction, and hence no discrimination between the two masses is expected. The mass 3/mass 2 ratio as measured on the spectrometer is constant for up to seven successive runs taken from a single filling of the reservoir; therefore, the gas composition in the reservior remains constant, proving that the leak does not fractionate.
The major uncompensated sources of error arise from drift in the amplifier and in the emission current. Under the best conditions, the short time amplifier drift is under 0.2 millivolt. After the amplifiers, which are not turned off, have been in operation for two or three days, the long time drift disappears. Long time drifts in emission current are corrected at the beginning of each run, and short time drifts cannot be detected on the trap current meter. The uncompensated drifts may be considered as random errors.
It must be pointed out that the stability of the instrument is temperature and humidity dependent. When the ambient temperature rises above 900 F., it is wiser not to attempt to obtain accurate results. Since only the deuterium concentration greater than normal abundance represents dilution by the body water, the excess of atom % D enters into the equation.4 Our value for normal abundance is 0.0150 atom % D. 
CALIBRATIONS
In final calculations for atom % D, it is necessary to take account of all the known sources of appreciable error, including particularly the nonuniformity of the resistor as a function of voltage already described, which can lead to an error proportional to concentration. Therefore, we have used the results of a series of calibration runs at concentrations up to 0.799 atom %o D to provide an empirical graphical relation between the measured 3/2 ratio and atom %o D.
For the calibration, the operating conditions of the spectrometer were kept constant: an emission current of 12 microamperes, an accelerating voltage of 1750 V, and the magnet settings necessary to obtain the maximum mass 3 and mass 2 peaks.
A series of five standards of known concentration were prepared gravimetrically from 99.87%o D20. In order to compute the atom % concentrtion of the standards prepared, it is necessary to know the normal abundance of D20 in the distilled water used as determined by our instrument under the fixed conditions imposed. The average of 21 distilled water runs was 0.0150 atom % D as shown in Table III Voskuyl (31) and Greene and Voskuyl (32) in careful density measurements.
The normal abundance can be expressed in terms of weight % D20 by the following equations: (11) the calibration curve has been used as the basis of all our determinations. In Figure 3 , the mass 3/mass 2 ratios of the standards, plotted against the "true" atom % D, are seen to fall on a straight line. are listed in Table VI . These results indicate recovery of very close to 100%o since the maximum difference between calculated and determined values is 2.0%o. Since an error of 0.004 atom %o D would be equivalent to 2.0%7o at these concentrations, we can interpret these results either as 
